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Abstract 
Stimuli-responsive materials have been researched for decades, there are many forms 
of stimuli-responsiveness, such as pH-, light- and thermal-responsiveness among others. 
In addition, the use of degradable materials can expand the range of possible final 
applications, e.g., coating and drug delivery. 3D printing is a subset of rapid prototyping 
technologies, which is based on computer model files and bondable material (such as 
powder-like polymer) to fabricate objects via a layer-by-layer process, there are many 
related technologies, such as, inkjet printing and selective laser sintering (SLS). 
However, they suffer of key shortcomings based on the lack of functionalised available 
materials. For example, for SLS, limited polymers nature and restricted range of colours 
are reported for the production of the final printed objects. In this project, we designed 
and synthesized a series of coloured copolymers endowed with a further pH-
responsiveness, foreseeing pH and “sweat” sensors as possible final applications. 
Dispersed Red I and 4-phenylazophenol (yellow dye) have been selected as two of the 
three-primary colours. 2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acrylate 
(HEA), lactide and succinic anhydride were used as building blocks to synthesize 
macroinitiators with degradable features.  The degradable moiety and colour groups 
were linked through a labile ester functionality. 1H NMR, FT-IR and GPC analysis were 
used to confirm the success of the reactions and the final molecular structures. 
Degradation test was set up in 1M H2SO4 and 1M NaOH aqueous environments. The 
colour change of the aqueous media can be observed when the colour moiety was 
cleaved and the decreasing in Mn was monitored by GPC. 
Key words: 3D printing; colour copolymer; degradable material; pH-responsiveness  
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1.1 3D printing 
3D printing is a subset of additive manufacturing (AM), it provides a new method to 
fabricate different kinds of objects. This technology was developed and commercialised 
by Charles Hull in 1980 [1]. Previously, the main method of creating objects called 
subtractive manufacturing (SM). SM is to manufacture a target object by continuous 
reduction of a complete model, AM is the opposite technology of SM. Layer and layer 
fabrication and computer aided design (CAD) are characteristics of AM [2]. From the 
emergence of AM to the present, more and more people are using this technology and 
benefiting from it, therefore, AM has the potential to become a disruptive technology. 
Thanks to the rapid development of materials science and computer science, 3D 
printing has been utilised in a wide range of industries. AM can increase the speed of 
creating objects and reduce cost through saving material. Simultaneously, AM can 
customize the size of materials according to the needs of different types of customers 
[3,4].  
Many 3D printing methods have been developed, currently, the most common are fused 
deposition modelling (FDM), inkjet printing, contour crafting, stereolithography, 
selective laser melting (SLM), liquid binding in 3D printing and selective laser sintering 
(SLS) [5].  
AM has been used in many fields due to not only to its customization, but also because 
many sorts of materials can be applied in AM. Ceramics, metallics, polymers and their 
combinations can all be used in AM [2]. 
Since 3D printing can freely customize the shape of the material and apply to a variety 
of materials, it can be applied in many fields. In the aerospace industry, 3D printing can 
reduce energy usage and resources, including reduced cycle time, resources, and lower 
component weight. [6,7]. In the automotive industry, 3D printing allows for the use of 
lighter and more complex structural materials and builds in faster times, this is thanks 
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to the rapid production capabilities of 3D printing technology and can maintain the 
stability and continuity of the work process, and avoid the losses caused by the 
shutdown of the production line. [8]. In addition, 3D printing can be used to print 3D 
skin [9] and is used in drug and pharmaceutical research [10] and many other industries. 
For example, in the field of automobile manufacturing, 3D printing technology can 
design and produce car models faster; In the aerospace field, compared with traditional 
processing methods, high-performance materials can be prepared more conveniently 
through 3D printing technology while saving costs. Besides, through 3D printing 
technology, bones and organs can be made faster and more accurately. 
1.1.1 Selective laser sintering (SLS) 
Selective laser sintering (SLS) is a subset of powder bed fusion 3D printing. Its 
principle is to use a laser beam to heat powder particles, fusing them together to create 
an object [11]. SLS was developed by Carl Deckard in 1987 at the University of Texas, 
and utilised a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser [12].  
 
Figure 1.1.1-1 SLS machine (EOSINT P-395) [13] 
Based on the figure 1.1.1-1, the SLS machine consists of 6 parts. (1) build platform on 
which the 3D object is fabricated. (2) Laser, which allow for particle sintering. (3) 
Galvano mirrors, which are used to adjust the laser beam to the specific location. (4) a 
powder reservoir or hopper, which can lift fresh powder up and down to the building 
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platform. (5) a spreading apparatus, which can be used to spread and flat fresh powder 
on the platform. (6) a material vat, which can be used to collect unsintered powder 
[22,23,24]. 
The object can be designed by CAD. The layering roller mechanism spreads the powder 
on the upper surface with a specific layer thickness. A high intensity laser is used to 
scan the part to fuse the powder at specific locations for each layer. Once the layer is 
completed the build platform drops and the powder is spread by roller again. The laser 
repeats the previous process according to the designed object until the build is finished 
[13]. 
Carbon dioxide (CO2) laser is currently the most commonly used laser in commercial 
SLS. CO2 lasers provide higher power at low cost. It means that many sorts of 
thermoplastic material can be processed by SLS, so that SLS can be applied in many 
fields, include the aerospace, automotive, medical, engineering and so on [14,15, 
16,17,18,19]. 
Objects are built layer by layer, and all powders will be used as feedstock material. 
Thus, one of advantages of SLS is that the unused powder is recycled, and maintains 
the integrity of the object during the building process, hence this technique does not 
need scaffolds [20]. Thermoplastic polymers are the main feedstock materials for SLS, 
the laser beam melts the surface of the powder particles and fuses them together, this 
process is called sintering [21].  
As a new technology for manufacturing and processing objects, SLS has received much 
attention. But its application is still limited, the most critical limitation resides on the 
that can currently be used for SLS. Most of polymers used in SLS process are 
thermoplastics, such as polyester, nylon, polyvinylchloride (PVC), etc. Amorphous 
plastics include ABS, acrylonitrile copolymer (SAN), PVC, polycarbonate (PC) and 
polystyrene (PS). Crystalline plastics include nylon (PA), polyethylene (PE), 
polypropylene (PP). When the laser heats the crystalline powder to the melting 
temperature Tm, the molten powder flows and overlaps to the previous layer. As the 
temperature decreases, the powder solidifies. Compared with amorphous materials, 
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crystalline materials have a lower viscosity at Tm [25,26,27]. Polymethyl methacrylate 
(PMMA) and polyamide (PA-11 or PA-12) are the two most commonly used polymers 
in SLS. PMMA is hard, brittle, scratch resistant, transparent, low cost, while PA-11 or 
PA-12 has a high strength, chemical resistant [28]. When the powder material absorbs 
the laser energy, the temperature rises above Tg and sinters, and the powder particles 
begin to agglomerate due to mutual adhesion. In addition to the materials available for 
SLS, there are other aspects that inhibit SLS technology. For example, the surface of 
the object printed by SLS technology is rough, and it is prone to warpage and 
deformation when forming large-size parts, and the processing time is long, with 
respect to some AM techniques, because before processing, it should have a preheat 
time, after printing, it should take 5 to 10 hours to cool down before it can be taken out 
of the powder tank.  
 
Figure 1.1.1-2 SLS process parameter [29,30] 
From figure 1.1.1-2, SLS process parameters can be divided into four main parts: laser, 
temperature, scan and powder. The use and development of SLS can be impacted by 
each parameter. 
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Currently, PA-12 is the most common commercial powder for SLS [31]. Other 
polymers, such as PE(E)K, TPE, TPU, PEBA and PA-6 are gradually becoming 
commercially available substituted, but there are still shortcomings.  
In order to figure out why some materials are suitable to SLS, but some not, several 
considerations need to be taken into account. The parameters of material and SLS 
apparatus are important clues to answer this question. Some properties, such as thermal, 
optical and rheological belong to intrinsic properties of the molecular structure, which 
are difficult to change. Other properties, include particle and powder are belong to 
extrinsic properties, which are easier to control [33].  
CO2 laser beams are used to fuse or melt the powder material in specific locations, 
resulting in the upper powder being bonded with the previous sintered layers. For 
crystalline polymers, crystallization should be inhibited during processing so the 
processing temperature must be between the Tm and Tc, which narrows the field of 
possible materials, as the gap between Tm and Tc should be at least of 10 ⁰C[ 34]. Optical 
properties are also important, but generally less restrictive because as long as the 
powder absorbs the wavelength of the laser, the power of laser can be optimized for the 
material in question. [35,36]. The slower the laser scanning speed, the higher the energy 
density and processing time, which means that more energy needs to be consumed, and 
the density of the material is higher. On the contrary, the faster the scanning speed, the 
more conducive to the manufacture of porous materials [37]. Besides, laser beam spot 
size is also an important parameter. Process rate well be limited if a small laser is used. 
large laser size can be used with small one to reduce thermal gradient and residual stress. 
Particle size and shape play a key role in the sintering process [38]. If the particles are 
too big, it will need more energy and decrease the resolution of printing. However, 
small particles will result in high electrostatic force which hinder flow and result 
agglomeration [39]. Normally, it is better if the shape of particle is spherical and the 
size between 58 and 180μm [40]. Thickness is another key factor, typically, the 
thickness ranges from 0.07 to 0.5mm [41]. The greater the thickness, the lower the 
resolution, and vice versa [30].  
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1.1.1.1 PMMA powders for SLS 
 
Figure 1.2.1.1-1 Thermoplastic polymer (Materials in red are used in SLS)) [42] 
Current thermoplastic polymers which can be used in SLS are listed in the figure 
1.2.1.1-1. 
The most common method to obtain PMMA is free radical polymerization (FRP). 
PMMA has excellent physical and chemical properties, such as high colourability, good 
chemical resistance and excellent compatibility with human tissue [43,44]. Complex 
shapes, such as most biomedical applications have been difficult to fabricate through 
conventional process method [45,46]. Also, SM methods offer several drawbacks, for 
example, when fabricating PMMA objects, more processing steps are required, lack of 
automation, more raw materials are consumed, and customized tools are required [47]. 
Thanks to the development of additive manufacturing, it is feasible to process PMMA 
through 3D printing. Fused Deposition Modeling (FDM) has been exploited to fabricate 
customized porous materials of PMMA [48]. However, SLS has some inherent 
advantage comparing to FDM. SLS can be allowed to create complex shapes of parts 
and there is a low compaction force among powders, so that the objects are porous 
consistently [49]. Although the use of SLS to process PMMA materials has obvious 
advantages, there are not many related reports [50].  
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1.1.2 Inkjet printing and digital light processing 
Inkjet printing uses droplets as the basic forming unit. There are two types of inkjet 
printing methodologies: continuous inkjet printing and drop-on-demand (DOD) inkjet 
printing. 
In the process of continuous inkjet printing, the liquid-like material is reserved in a 
chamber, liquid is broken up into droplets through a piezoelectric action. Then droplets 
fall out via a contraction of voltage and fall on the platform by gravity. The dropped 
droplets will spread according to the difference in viscosity. The object will be shaped 
after the solvent evaporates [51,52,53]. 
The advantage of DOD inkjet printing is that it has good regional accuracy and time 
control, and the droplet size is also smaller. In thermal DOD inkjet printing (or bubble 
jet), liquid is heated via a heating resister to evaporate solvent and form a bubble. An 
ink drop is extruded with the expansion of the bubble [54]. Piezoelectric DOD inkjet 
printing is another type of DOD inkjet printing, in which there is a piezoelectric material 
in the nozzle. The piezoelectric material is deformed when the electric current passes 
through, then ink drop can fall out [55]. 
Photopolymerization plays a crucial role in the synthesise of novel polymers. The 
strategy of using photopolymerization-based 3D printing has also attracted a significant 
amount of attention [56]. The main two techniques of using photopolymerization-based 
3D printing are stereolithography (SLA) and digital light processing (DLP) [57]. The 
advantage of DLP is that it can reduce the printing time whilst maintaining high 
precision fabrication [58]. Due to the 3D network structure of hydrogel, and other 
properties, such as high elasticity and softness, several technologies of 3D printing have 
been applied in hydrogel, such as DLP. Hydrogels play an essential role in many fields, 
such as drug delivery [59]. 3D printing of hydrogels has been expected to be applied in 
bio-relevant fields, such as model tissues [60], biosensors [61]. Drop-on-demand inkjet 
printing of hydrogels can achieve high resolution, the range of suitable viscosity for 
inkjet printing is 3.5-12 mPa s-1 [62]. Currently, different methods of polymerization, 
such as ATRP or RAFT have been used to synthesis gel-like materials for inkjet 
printing. 2-Hydroxyethyl methacrylate (HEMA), triethylene glycol methyl ether 
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methacrylate (TEGMA) and poly(ethylene glycol) methacrylate (PEGMA),  have been 
used as co-monomers to synthesize gel-like materials for inkjet printing [63], [64], [65].  
1.2 Polymers 
The word “polymer”, is derived from the Greek word “poly”, meaning “many” and 
“meros”, meaning “part”, refers to large molecules whose structure is composed of 
multiple repeating units. Small molecule compounds that can form repeating structural 
units are called monomers. Degree of polymerization (DP), number average molecular 
weight (Mn), weight average molecular weight (Mw) and dispersity (Đ) are important 
parameters for characterise a polymeric molecule. The degree of polymerization refers 
to the number of repeating units consecutively appearing in the polymer molecular 
chain, and is represented by n. The number average molecular weight is a statistical 
average representing the molecular weight of all polymers. Polydispersity is used to 
measure the polymer molecular weight distribution [66]. 
1.2.1 Classification of polymers 
When classified by source, polymers can be divided into two categories: natural 
polymers and synthetic polymers. According to performance classification, polymers 
can be divided into three categories: plastic, rubber and fibre.  
If classified by purpose, it can be divided into general polymer, engineering material 
polymer, functional polymer, biomimetic polymer, medical polymer, polymer medicine, 
polymer reagent, polymer catalyst and biopolymer.  
According to the main chain structure, it can be divided into four categories: carbon 
chain polymer, hetero chain polymer, element organic polymer and inorganic polymer 
[67].  
Besides, according to the types of monomers in the polymer, it can be classified into 
homopolymers and copolymers. Copolymers can also be divided into block copolymers 
and random copolymers. 
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1.2.1.1 Homopolymers 
Homopolymer is a polymer formed by polymerization of only one monomer, such as 
polyvinyl chloride and polystyrene, and their repeating units are their respective 
structural units, such as -A-A-A-A- or -(A)n-, that is, repeating units can be used to 







Figure 1.2.1.1-1 examples of homopolymer 
1.2.1.2 Copolymers 
Copolymer is produced from a polymerization involving two or more monomers. 
According to the sequence of structural units, copolymers can be divided into 
alternating copolymers, random copolymers, block copolymers, and graft copolymers 
(figure 1.2.1.2-1). In alternating copolymer the two structural units A and B in the 
copolymer are strictly alternating. In random copolymer the random distribution of two 
structural units A and B in the copolymer. The combination through a single link of 
polymer A and polymer B in the form of a chain is called a block copolymer. A graft 
copolymer is composed of a main chain and a branch, and the main chain and the branch 
are composed of two monomers respectively. 
 
A B A B
alternating copolymer











Polymerization is the process of converting monomers into polymers. The 
polymerization reaction can be divided into step-growth polymerization and chain-
growth polymerization. Step-growth polymerization refer to a polymerization reaction 
in which monomers with two or more functional groups condense with each other and 
produce small molecular by-products (water, alcohol, ammonia, hydrogen halide, etc.) 
to generate polymer compounds. Chain-growth polymerization refers to the synthesis 
of polymers from one or more monomers. During the reaction, no low-molecular by-
products are formed. The resulting polymer has the same base chemical composition as 
the raw material, while its relative molecular mass is a multiple of the relative molecular 
mass of the raw material. [68] 
1.3.1 Free radical polymerization (FRP) 
Free radical polymerization (FRP) is a chain growth polymerization reaction initiated 
by free radicals. In this reaction the free radicals continue to grow as the propagation 
of the polymer chain continues. Once the monomer is depleted the reaction is finished. 
By opening the double bonds in the monomer, repeated addition reactions occur 
between the molecules to connect many monomers to form the final polymer. [69].  
The FRP reaction can be divided into five polymerization methods: bulk 
polymerization [70], solution polymerization [71], suspension polymerization [72], 
emulsion polymerization [73] and dispersion polymerization [74]. Besides, photo 
radical polymerization is also a strategy to prepare polymer [75]. 
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I + M M1
M1 + M M2
M2 + M M3
...
Mn-1 + M Mn
Chain termination Mn + Mm Mm+n
Mn + Mm Mn + Mm
Figure 1.3.1-1 The mechanism of free radical polymerization 
 
As the mechanism shows (fig. 1.3.1-1), at the beginning of the FRP, the initiator plays 
an essential role to start the chain initiation. If there is no initiator, FRP cannot take 
place. According to molecular structure classification, initiators can be divided into 
three groups azo-based, peroxy-based and redox. Besides, according to the solubility 
properties, they are then subdivided into water-soluble initiators and organic initiators. 
According to the decomposition method of the initiator, there are thermal-, chemical- 
and photo-decomposition [69]. 
Azo initiators are a particular group of initiators that generate free radicals triggered by 
thermal or photo degradation. Almost all the decomposition of azo initiators are first-
order reactions, with no side reactions. There are two sorts of azo-initiators, one is oil 
soluble, such as Azobisisobutyronitrile (AIBN). Another is water soluble, such as 2,2'-













H Cl H Cl
AIBN AIBA












Figure 1.3.1.1-2 the mechanism of decomposition of AIBN under heating. 
 
AIBN is a common initiator for FRP. There are several advantages of AIBN as a radical 
initiator: 1) only one kind of free radical can be created; 2) fewer side reactions; 3) high 
reactivity for the polymerization of vinyl, acrylate, methacrylate-based, etc. monomers 
[76]. Under heat (fig. 1.3.1.1-2) or light-based decomposition, AIBN can be degraded 
to cyano isopropyl (CI) radicals, which can initiate the propagation of the polymer chain. 
Organic peroxide initiators, such as benzoyl peroxide (BPO), are another kind of 










Figure 1.3.1.1-3 the mechanism of decomposition of BPO under heating 
Photo-initiators are also an effective method to initiate polymerization. According to 
the mechanism of polymerization, photo-initiators can be divided into three classes: 
radical, cationic, and anionic. These photo-initiators can be triggered under UV-vis 
light and create free radicals, cations and anions [77]. Photo-initiator radical 
polymerization can be categorized two kinds, one is type I (radical formation after α-
cleavage of the excited molecule), such as acetophenones [78], hydroxyalkyl phenones 











Figure 1.3.1.1-4 some kinds of type I photo-initiator 
After absorbing the photon energy, they transition from the ground state to the excited 
singlet state and reach the excited triplet state through intersystem crossing (ISC). The 
molecules in the excited state form active radicals with initiating ability through the 
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homolysis of chemical bonds [80]. Another one is type II (radical formation after H-








Figure 1.3.1.1-5 some kinds of type II photo-initiator 
1.3.1.2 Solution polymerization 
Solution polymerization is a process in which monomers and initiators are dissolved in 
a suitable solvent for polymerization. If the polymer can be dissolved in the solvent, it 
is a typical solution polymerization. The advantages of solution polymerization are 
different, among others, the heat generated during the polymerization process is easily 
to remove, the temperature of the polymerization reaction is easy to control, the low 
molecular weight products are easy to remove, and the automatic acceleration 
phenomenon can be eliminated [71]. If the product can be dissolved in the solvent, it 
can be called homogeneous solution polymerization. It means that the product can be 
taken out through precipitating in another organic solvent in which it is not soluble or 
evaporating the solvent [82]. On the other hand, if the product can be separated out 
during the reaction time, it can be called the precipitation polymerization [83]. 
1.3.1.3 Radical photo polymerization 
Free radical photopolymerization refers to a reaction that generates free radicals and 
initiates polymerization after exposure to UV-vis light [84]. One of advantages of this 
photoinitiated polymerization is that it can be conducted under mild condition [85]. It 
means that an environmentally friendly and high effective process can be provided to 
prepare materials [86]. Unlike thermal initiators, photopolymerization can be carried 
out at room temperature, and the reaction time is shorter than thermal polymerization 
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[87]. After a long period of development, photopolymerization has been combined with 
a variety of polymerization techniques to prepare novel materials, such as photo-ATRP 
[88], photo-RAFT [89], and so on. based on this, photo radical polymerization has 
numerous applications in electrochemistry [90], biological [91], pharmacology [92], 
3D printing [93]. 
1.4 Ring-Opening Polymerization (ROP) of lactones and 
relevant functional polyester applications 
Ring-opening polymerization is a reaction that converts cyclic compounds to linear 
compounds. Comparing with the polycondensation reaction, there is no formation of 
small molecules during the ring-opening polymerization process. Comparing with the 
addition polymerization of olefins, there is no cleavage of double bonds during the 
polymerization process. The driving force that initiates ring-opening polymerization is 
the release of ring tension. Cyclic ethers, cyclic acetals, cyclic esters, cyclic amides, 
and cyclic silanes can all undergo ring-opening polymerization [94] (fig. 1.4-1). 
 
 
R Xn R X
n
Figure 1.4-1 a demonstration of ring-opening polymerization 
 
Aliphatic polyesters have attracted more and more interest, owing to their 
properties.(ref) Ring-opening polymerization is the most common method used to 
prepare polyesters and aliphatic polycarbonates. Polyesters are biocompatible and 
degradable in some specific circumstances [95,96]. For example, in the medical field, 
polyester based materials can be degraded in the human body, therefore, polyester can 
be used in drug delivery systems [97] or implantation [98]. 
Degradation is an important feature for aliphatic polyesters. However, during the 
degradation process of polyesters, acidic compounds can be created, which can be 
harmful to the human body [99]. In comparison, there is no such acidic compound 
created during the degradation process of aliphatic polycarbonates according to in vivo 
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and in vitro test [100,101]. Degradation rates of polyesters are faster than aliphatic 
polycarbonates, meaning that they have different applications according to the different 
degradation rates [102,103]. 
Polyesters, such as poly(lactide) or poly(caprolactone), polycarbonates, such as 
poly(trimethylene carbonate), are widely used and are of low cost to produce[104].  
1.4.1 Catalysts for ROP 
Traditional catalysts are mainly organometallic catalysts. D-orbital metals, such as Sn, 
Zn, Ti, Al, etc. The mechanism of such catalysts is an insertion-coordination 


































Figure 1.4.1-1 the mechanism of organometallic catalysts to initiate ROP 
 
Sn-based catalysts, such as Sn(Oct)2 is a common organometallic catalyst. However, 
there are shortcomings of using organometallic catalysts. One of which, is metal residue 
is difficult to remove after purification, which can hinder the application of product in 
biomedical and microelectronic fields [107]. Because of this shortcoming, metal-free 
catalysts are becoming an alternative technique to realize ring-opening polymerization. 
Enzymes are one of them [108,109]. There are several advantages of using enzymes as 
catalysts. 1) reaction process can be carried out in milder conditions; 2) Enzymes are 
derived from renewable resources, and they can be recycled after reaction and 
purification; 3) various reaction media can be selected, such as bulk, organic solvent, 
etc; 4) well-defined structures can be created via enzymes catalysis; 5) in comparison 
with organometallic catalysts, enzymes-catalysts do not need any extra air or water 



































Figure 1.4.1-2 the mechanism of using enzymes as catalysts 
 
Unfortunately, there are some drawbacks of using enzymes as catalysts. 1) it could take 
a long time to react; 2) difficult control over final polymer architecture [113]. Also, for 
the specific aim of this thesis work, enzymes-catalyzed ring-opening polymerization 
(eROP) has lower sensitivity to HEMA-initiator and can cause side reactions, such as 
transesterification processes [114]. Triazabicyclodecene (TBD), has been shown to be 
a highly effective basic catalyst for many reactions, such as Michael additions [115], 
Wittig reactions [115], Henry reactions [117], and transesterification reactions [118]. 































Figure 1.4.1-3 the mechanism of dual activation of monomer and initiator via TBD 
Generally, there are some advantages of using TBD as the catalyst. 1) high reactivity 
for ROP of LA, CL; 2) good control of molecular weight and polydispersity; 3) 
commercially available and relatively easy of use [119,120]. 
4-DMAP has been reported that as a Lewis basic amines catalyst to initiate the ROP of 




























Figure 1.4.1-4 the mechanism of using 4-DMAP as catalyst to catalyze ROP of LA 
 



















































Figure 1.4.1-5 a brief explanation of mechanism of the ROP of DBU catalysed 
1.4.2 Functional initiators for ROP 
Polyesters and polycarbonates are excellent materials for medical applications, such as 
drug delivery system (DDS) [123]. Generally, there are three routes to modify and 
functionalize a polyester from ROP, one is to modify the lactones to obtain functional 
lactones [124] (fig. 1.4.2-1). Another is to post-polymerization functionalization of the 











Figure 1.4.2-1 the strategy for synthesis of functional polycarbonates 
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While a more straightforward and high yield strategy is to use a functional molecule as 
ROP initiator, such as 2-Hydroxyethyl methacrylate (HEMA) or 2-Hydroxyethyl 
acrylate (HEA). According to this, the introduction of ROP and FRP at the same time 
is a promising strategy to create novel materials for different applications.  
1.4.2.1 2-Hydroxyethyl methacrylate (HEMA) and 2-Hydroxyethyl 
acrylate (HEA) and relevant ring-opening polymerization 
2-hydroxyethyl methacrylate (HEMA) is a bifunctional group molecule, there is an end-
group carbon-carbon double bond and a hydroxyl moiety in the HEMA. HEMA-based 
polymers can be used in many biological fields, such as contact lenses, drug delivery 
system, etc. [125]. There are some special features for the homopolymer of HEMA, 
poly(HEMA), such as if the degree of polymerization (DP) of poly(HEMA) is less than 
20, the polymer is completely soluble in water [126]. HEA is similar in structure to 
HEMA, poly(HEA) can be completely dissolved in water, regardless of the molecular 
weight [127]. Other differences between poly(HEMA) and poly(HEA) are that 
poly(HEMA) has exhibited the trait of temperature-responsive, but poly(HEA) has not 
[128]. HEMA and HEA have been used as initiators to initiate ring-opening 
polymerization [129,130,131]. There are some advantages of using HE(M)A as an 
initiator: 1) the molecular weight can be tailored through calculating different ratios of 
initiator and monomer; 2) many kinds of catalysts can be used, such as DBU, TBD; 3) 
polymerizable macromonomers can be obtained through ROP, then, ATRP, RAFT can 
be used to synthesize the final polymers, according to the actual application, such as 
nanoparticles (NPs). 
1.5 Degradation of polyesters and polycarbonates 
Traditional polymeric materials, such as polyethylene, are not fully degradable, and can 
cause huge environmental problems and can be harmful to people. Because of such 
problems, environmentally friendly and sustainable polymeric materials should be 
synthesized. According to the mechanism of degradation, degradable polymers can be 
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split into two types, biodegradable polymers [132] and stimuli-responsiveness 
polymers [133,134]. Degradable polymers, normally contain degradable groups, such 
as: an ester [135], azo [136], ketal [137], disulfide [138], diselenum [139]. These kinds 
of polymers can be cleaved under specific circumstances, such as heat [140], light [141], 
force [142], acid or base [143], redox [144]. Figure 1.5-1 is an example of how ester 


















































































1.5-1 the mechanism of degradation processes of polyesters under base (above) and acid (below) 
aqueous 
 
Currently, degradable polymers are used in many fields, such as drug delivery [145], 
biomedical implants [146], etc.. 
Many synthesized methods have been used to obtain degradable polymers. For example, 
a combination of ROP and ATRP or RAFT has been used to synthesize stimuli-
responsiveness polymers [147,148]. 
1.6 Dye monomer 
Dispersion dyes are a class of dyes with relatively small molecular weight and with low 
water-solubility. Disperse dyes are polar molecules containing anthraquinone or azo 
groups Dispersion dyes can dye polyester and other fibers. [149]. 
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Figure 1.6-1 three types of dispersion dyes 
 
Figure 1.6-1 shows three-primary color of dye: yellow, red and blue. Other colors can 
be obtained via a mixture of different ratios of these three-primary colors. 
There are three performance defects in dyeing with disperse dyes: 1. Thermal cohesion; 
2. Poor alkali resistance and stability; 3. Thermal migration and 4. Low color fastness 
[150]. 
Covalent combination of chromophores and monomer is a new method to improve 
these drawbacks, such as the promotion of dye fastness [151]. The change of ratios of 
colored monomer and monomer can lead to different colors of the obtained copolymer. 
In copolymerization, the copolymerization of different color monomers can create new 
chromophoric polymers. 
In SLS, a mixture of differently colored polymer powders can fabricate colored objects 
[152]. 
1.8 The main research ideas of this thesis 
Currently, most of the materials used for SLS are white or grey. If the final printed 
system needs to be coloured, post printing painting is usually used. However, there are 
shortcoming for traditional painting: 1. most paints are prepared with volatile organic 
solvents, which are not good for the human body. 2. the already coloured paint can be 
scraped off. 3. it will increase costs and time. 4. for objects with complex shapes, the 
difficulty of colouring will increase and 5. it is difficult to have different colours on the 
same part of an object. 
Besides, most objects lack of function after printing, post-functionalization can be seen 
as indispensable for particular applications. Therefore, development of functional 
materials, such as stimuli-responsive inks for 3D printing is an emergent topic. 
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Based on the above, this thesis aimed to develop novel-coloured materials with pH-
responsiveness for 3D printing. 1) synthesis of degradable monomer with cleavable 
colour moiety. In this section, synthesis of red and yellow monomers with pH-
responsiveness was be arranged. First of all, HEMA and HEA as initiator, DBU as a 
catalyst to start the ROP of LA to obtain a liner structure of ester with an end-group 
hydroxyl, HE(M)A-p(LA)n-OH; synthesis of HE(M)A-p(LA)n-OH and succinic 
anhydride was the second step to obtain a liner structure with an end-group carboxylic 
acid, HE(M)A-p(LA)n-COOH; esterification of HE(M)A-p(LA)n-COOH and 
Dispersion Red 1 or 4-Phenylazophenol to obtain HE(M)A-p(LA)n-COO-Red (or 
Yellow) was the final step. These kinds of compounds are composed through a linear 
structure of many ester groups and a cleavable moiety of colour. These materials can 
be hydrolysed in acidic and basic aqueous. The degradation process can be observed 
via the change of colour of aqueous; 2) in this section, as a co-monomer, MMA was 
used to obtain pH responsive copolymers with different color shades through different 
ratios with color monomers. The polymerization was undertaken by FRP. PMMA has 
been proved that is suitable for SLS. DSC will be used to check whether the Tg of 
copolymers are suitable for SLS; 3) in this section, photopolymerization of HEMA (and 
TEGMA, PEGMA) and color monomers to synthesize a series of amphiphilic materials 
for inkjet printing. Several literatures have reported to use HEMA, TEGMA and 
PEGMA as co-monomers to synthesize materials for inkjet printing.  Materials of using 
photopolymerization can also be applied in DLP. Copolymers composed of hydrophilic 
and hydrophobic side chains have special properties, such as self-assembly or prepared 
to NPs.
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2. Experimental section 
2.1 Materials 
Methyl methacrylate (MMA), 2,2'-Azobis(2-methylpropionitrile) (AIBN), 2-
hydroxyethyl methacrylate (HEMA), 2-Hydroxyethyl acrylate (HEA), 1,8-
Diazabicyclo(5.4.0)undec-7-ene (DBU), Dispersed Red 1, Dispersed yellow, 4-
Dimethylaminopyridine (4-DMAP), N,N'-Dicyclohexylcarbodiimide (DCC), Lactide 
(97%), Succinic anhydride (99%), Triethylene glycol methyl ether methacrylate 
(TEGMA), Poly(ethylene glycol) methacrylate (PEGMA) were purchased from Sigma-
Aldrich UK. All chemicals were used without purification. Solvents (DCM, THF, 
toluene) were purchased from Fischer Scientific UK and used without further 
purification. Deionized water was used. 
2.2 Characterization Methodologies 
2.2.1 Proton Nuclear Magnetic Resonance (1H-NMR) 
1H-NMR spectra were recorded by Bruker (400MHz): Bruker AV(III)400HD, Bruker 
AV400 and Bruker AV(III)400. 5mg of sample was weighted and dissolved in 600 µL 
of CDCl3. CDCl3 solvent peak reference was taken at 7.26 ppm.. Chemical shifts were 
expressed through parts per million (ppm) relative to the internal standard 
tetramethylsilane (TMS). Mnova 14.2.0 was used to analyze the 1H-NMR data. 
2.2.2 Gel Permeating Chromatography (GPC) 
An Agilent 1260 infinity HPLC was adopted. provided with 4 detectors: a differential 
refractive index, a viscometer, a UV-vis detector and a multi-angle light scattering 
detector. Two Agilent mixed D columns kept at 40 °C were used. THF was used as the 
mobile phase with a flow rate of 1 ml/min. The system was calibrated with poly(methyl 
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methacrylate) standards with average Mn in a range from 540 to 1.02×106 g/mol-1 with 
narrow dispersities (Ð). Astra 6.1 was used to analyze the GPC data.  
2.2.3 Differential scanning calorimetry (DSC) 
TA-Q2000 DSC system (TA instruments) was used to test the thermal properties (such 
as Tg) of the produced polymers. The system was calibrated by indium and sapphire 
standards under a N2 flow (50 ml/min-1). The sample (5mg) was weighed in a T-zero 
sample pan. The sample was heated at a rate of 10oC/min-1 from 10oC to 200oC.  
2.3 Synthesis procedures 



















R = CH3, HEMA
R = H, HEA LA R = CH3, HEMA-p(LA)n-OHR = H, HEA-p(LA)n-OH
Scheme 2.3.1-1 the synthesis of HR(M)A-p(LA)n-OH, n=10, 20 
 
The degree of polymerization (DP) can be targeted by changing the molar 
monomer/initiator [M/I] ratio. DP=20 means that the ratio between monomer and 
initiator is 20:1 [M/I=20:1].  
The synthesis of HEMA-p(LA)20-OH is reported as an example. A mixture of HEMA 
(45mg, 0.347mmol) and DL-lactide (1g, 6.94mmol) was placed in a vial (predried at 
100oC overnight) and anhydrous DCM (7ml) was added and the mixture was stirred 
until complete dissolution. DBU (2% w/w to [M]), as a catalyst, was added to the vial 
to initiate ring opening polymerization at room temperature for 20min. 
To terminate the reaction, the mixture was poured in a centrifuge tube containing a cold 
mixture of hexane (20ml) and Et2O (10ml) in order to precipitate the polymer. The solid 
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was collected and washed with hexane (20ml) twice. The product was put in freezer for 
later use. 
The synthesis of HEMA-p(LA)10-OH and HEA-p(LA)10/20-OH used the same method, 
with the only difference being that hexane (30ml) was used to precipitate and wash. 
. 1H-NMR (400MHz, CDCl3), HEMA-p(LA)20-OH: δ 6.12 (s, 1H, CH), 5.6 (s, 1H, 
CH), 5.18 (m, 1H, CH), 4.37 (m, 4H, CH2CH2), 2.76 (s, 1H, OH), 1.94 (s, 3H, CH3), 
1.59 (m, 3H, CH3). HEA-p(LA)20-OH: δ 6.44 (d, 1H, CH), 6.12 (m, 1H, CH), 5.9 (d, 
1H, CH), 5,18 (m, 1H, CH), 4,37 (m, 4H, CH2CH2), 1.59 (m, 3H, CH3). 











R = CH3, HEMA-p(LA)n-OH
















R = CH3, HEMA-p(LA)n-OH
R = H, HEA-p(LA)n-OH
n
Scheme 2.3.2-1 the synthesis of HE(M)A-p(LA)n-COOH, n=10, 20 
 
DCM (10ml) was added in a vial with HEMA-p(LA)20-OH (1g, 0.33mmol) till 
dissolution. 
THF (2ml) was added in a vial with Succinic Anhydride (66mg, 0.66mmol) till 
dissolution. Two vials of solution were mixed. 4-DMAP (44mg, 0.36mmol) was added 
to catalyse the reaction. The reaction mixture was stirred at room temperature for 1-4 
hrs. After termination, the reaction mixture was poured into a centrifuge tube which 
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contained a cold solvent mixture of cold hexane (20ml) and Et2O (10ml) in order to 
precipitate the product. The solid was washed by Et2O (20ml) twice. The product was 
put in freezer for later use. The synthesis of HEMA-p(LA)10-COOH and HEA-
p(LA)10/20-COOH used the same method, with the only difference being that hexane 
(30ml) was used to precipitate. 
The 1H-NMR data was recorded by Bruker (400MHz, CDCl3). HEMA-p(LA)n-COOH: 
δ 6.12(s, 1H, CH), 5.6(s, 1H, CH), 5.18(m, 1H, CH), 4.37(m, 4H, CH2CH2), 2.73(m, 
4H, CH2CH2), 1.92(s, 3H, CH3), 1.56(m, 3H, CH3). HEA-p(LA)n-COOH: δ 6.44 (d, 
1H, CH), 6.12 (m, 1H, CH), 5.9 (d, 1H, CH), 5,18 (m, 1H, CH), 4,37 (m, 4H, CH2CH2), 
2.65(m, 4H, CH2CH2), 1.59 (m, 3H, CH3). 































R = CH3, HEMA-p(LA)n-COOH
R = H, HEA-p(LA)n-COOH
Dispersed Red 1
R = CH3, HEMA-p(LA)n-COO-Red
R = H, HEA-p(LA)n-COO-Red
Scheme 2.3.3-1 the synthesis of HE(M)A-p(LA)n-COO-Red, n=10, 20 
HEMA-p(LA)20-COOH (1.2g, 0.38mmol) was added to a vial and dissolved in DCM 
(10ml). Hydroquinone (1mg) was dissolved by THF (2ml) and added to the vial. 
Dispersed Red 1 (143mg, 0.45mmol) and DCC (93mg, 0.45mmol) were added and 
dissolved completely. 4-DMAP (9.27mg ,0.076mmol) was solubilised in DCM (2ml) 
and added to the vial. The mixture solvent was kept stirring at room temperature for 
24h. The reaction mixture was filtered via a Buchner Funnel, the filtrate was collected 
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and poured in a centrifuge tube which contained a solvent mixture of cold hexane(20ml) 
and Et2O(10ml) in order to precipitate the product, the solid was washed by Et2O (20ml) 
twice. The product was stored in freezer for later use. 
The synthesis of HEMA-p(LA)10-COO-Red and HEA-p(LA)10/20-COO-Red used the 
same method, with the only difference being that hexane (30ml) was used to precipitate. 
The 1H-NMR data was recorded by Bruker (400MHz, CDCl3). HEMA-p(LA)n-COO-
Red: δ 8.47 (m, 2H, CH×2), 8.0 (m, 4H, CH×4), 6.9 (m, 2H, CH×2), 6.12(s, 1H, CH), 
5.6(s, 1H, CH), 5.18(m, 1H, CH), 4.37(m, 8H, CH2CH2×2), 3.7 (m, 4H, CH2CH2), 
2.65(m, 4H, CH2CH2), 1.92(s, 3H, CH3), 1.56(m, 3H, CH3). HEA-p(LA)n-COO-Red: 
δ 8.47 (m, 2H, CH×2), 8.0 (m, 4H, CH×4), 6.9 (m, 2H, CH×2), 6.44 (d, 1H, CH), 6.12 
(m, 1H, CH), 5.9 (d, 1H, CH), 5,18 (m, 1H, CH), 4,37 (m, 8H, CH2CH2×2), 3.7 (m, 4H, 
CH2CH2), 2.65(m, 4H, CH2CH2), 1.59 (m, 3H, CH3). 
FT-IR spectrum: the absorption of N-H stretching was at 3300 cm-1; the absorption of 
=C-H stretching (arene, alkene) was in 3080-3010 cm-1; the absorption of C=O 
stretching was 1770 cm-1; C=C stretching was at 1650 cm-1; C=C (arene) stretching was 
in 1600-1450 cm-1; N=N stretching was in 1410-1400 cm-1; C-O stretching was in 1270-
1200 cm-1; C-H (arene) bending was in 880-860 cm-1. 





































Scheme 2.3.4-1 the synthesis of HE(M)A-p(LA)n-COO-Yellow, n = 10, 20 
HEMA-p(LA)20-COOH (1.2g, 0.38mmol) was added to a vial and dissolved by DCM 
(10ml) completely. Hydroquinone (1mg) was dissolved by THF (2ml) and added to the 
vial. Dispersed yellow (89mg, 0.45mmol) and DCC (93mg, 0.45mmol) were added to 
the vial and dissolved completely. 4-DMAP (9.27mg ,0.076mmol) was dissolved by 
DCM (2ml) and added to the vial. The mixture solvent was kept stirring at room 
temperature for 24h. After termination of the reaction, the reaction mixture was filtered 
via Buchner filtration, the filtrate was collected and poured in a centrifuge tube which 
contained a solvent mixture of cold hexane(20ml) and Et2O(10ml) to precipitate the 
product, the solid was washed by Et2O (20ml) twice. The product was put in freezer for 
later use. 
The synthesis of HEMA-p(LA)10-COO-Yellow and HEA-p(LA)10/20-COO-Yellow 
used the same method, with the only difference being that hexane (30ml) was used to 
precipitate. 
The 1H-NMR data was recorded by Bruker (400MHz, CDCl3). HEMA-p(LA)n-COO-
Yellow: δ 7.9 (m, 4H, CH×4), 7.5 (m, 2H, CH×2), 7.05 (m, H, CH), 6.9 (m, 2H, CH×2), 
6.12(s, 1H, CH), 5.6(s, 1H, CH), 5.18(m, 1H, CH), 4.37(m, 4H, CH2CH2), 3.5 (m, 4H, 
CH2CH2), 1.92(s, 3H, CH3), 1.56(m, 3H, CH3). HEA-p(LA)n-COO-Yellow: δ 7.88 (m, 
4H, CH×4), 8.06 (m, 2H, CH×2), 7.9 (m, H, CH), 6.92 (m, 2H, CH×2), 6.48 (d, 1H, 
CH), 6.23 (m, 1H, CH), 5.92 (d, 1H, CH), 5.25 (m, 1H, CH), 4.48 (m, 4H, CH2CH2), 
3.5 (m, 4H, CH2CH2). 
FT-IR spectrum: the absorption of =C-H stretching (arene, alkene) was in 3080-3010 
cm-1; the absorption of C=O stretching was 1770 cm-1; C=C stretching was at 1650 cm-1; 
C=C (arene) stretching was in 1600-1450 cm-1; N=N stretching was in 1410-1400 cm-
1; C-O stretching was in 1270-1200 cm-1; C-H (arene) bending was in 880-860 cm-1. 
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2.3.5 Free radical copolymerization of HEMA-p(LA)n-COO-



































Scheme 2.3.5-1 the free radical copolymerization of HEMA-p(LA)10/20-COO-Red and MMA in 
toluene 
 
HEMA-p(LA)20-COO-Red (0.6g, 10% w/w% to MMA) and MMA (6g) were added to 
a round-bottomed flask, AIBN (66mg, 1% w/w% to [M]) was dissolved in 2ml toluene 
and added to the flask. Toluene (28 mL) (the mass ratio of [M] and toluene is 30% to 
70%) was added to the flask to dissolve the mixture completely. The reaction system 
was heated at 65°C for 24h. After termination of the reaction, the reaction solvent was 
added dropwise into cold methanol to precipitate the product. The solid was washed by 
methanol twice until there was no red colour in the filtrate. The product was dried in a 
vacuum oven at 25 °C for 24h.The synthesis of HEMA-p(LA)10-COO-Red used the 
same method. 
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2.3.6 Free radical copolymerization of HEMA-p(LA)n-COO-



































Scheme 2.3.6-1 the free radical copolymerization of HEMA-p(LA)10/20-COO-Yellow and MMA 
in toluene 
 
HEMA-p(LA)20-COO-Yellow (0.6g, 10% w/w% to MMA) and MMA (6g, 60mmol) 
were added to a round-bottomed flask, AIBN (66mg, 1% w/w% to [M]) was dissolved 
in 2ml toluene and added to the flask. Toluene (28 mL) (the mass ratio of [M] and 
toluene is 30% to 70%) was added to the flask to dissolve the mixture completely. The 
reaction system was heated at 65 ° C for 24h. After termination of the reaction, the 
reaction solvent was added dropwise into cold methanol to precipitate the product. The 
solid was washed by methanol twice until there was no yellow colour in the filtrate. 
The product was dried via vacuum oven at 25 ° C for 24h.The synthesis of HEA-
p(LA)10-COO-Yellow used the same method. 
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Scheme 2.3.7-1 the free radical copolymerization of HE(M)A-p(LA)10/20-COO-Red and TEGMA 
in toluene 
HEMA-p(LA)10-COO-Red (1g, 20% wt% to TEGMA) and TEGMA (4g) were added 
to a round-bottomed flask and 10ml toluene was added to dissolve the monomer. AIBN 
(50mg 10wt% to [M]) was dissolved in 2ml toluene and added in the flask. Toluene (15 
mL) was added to the flask. The reaction system was degassed for 30 min by argon and 
heated to 65oC for 24h. After termination of the reaction, the reaction solvent was added 
dropwise to a flask with 60ml of cold hexane to precipitate the product. The solid was 
washed by 30ml hexane twice. The product was dried via vacuum oven at 25oC for 24h. 
The 1H-NMR data was recorded by Bruker (400MHz, CDCl3). δ 8.32 (m, 2H, CH×2), 
8.02 (m, 2H, CH×2), 5.18 (m, 1H, CH), 4.11 (s, 3H, CH2), 3.66 (s, 6H, CH2), 3.48 (s, 
3H, CH3), 2,18 (s, 3H, CH3), 1.04 (s, 3H, CH3), 0.88 (s, 3H, CH3). 
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2.1.8 Photopolymerization of HEMA, TEGMA, mPEGMA 













































Scheme 2.3.8-1 photopolymerization of HEMA, TEGMA, mPEGMA and red or yellow monomer 
HEMA-p(LA)10-COO-Red (Yellow) (10-20% wt%) was dissolved in HEMA (or 
TEGMA, mPEGMA) (1g) in a vial, DMPA (1-2% wt% to [M]) was added and 
dissolved. The reaction mixture was placed in a well plate. The UV reaction set up was 
degassed for 30min before reaction. After 30min, the well plate was put in the UV 
reactor and the light was turned on to start the reaction. After 4h, the light was turned 
off to stop the reaction.  
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2.3.9 Degradation test of colored monomers and copolymers 
2.3.9.1 Degradation test of colored macromonomers. 
A specific mass of macromonomer was weighed and put in a vial of 1M NaOH or 1M 
H2SO4 aqueous under ambient temperature. A piece of the material was taken and tested 
by 1H-NMR and GPC every 24h to check the change of molecular weight. 
2.3.9.2 Degradation test of copolymers produced via FRP. 
1) Solvent casted films were produced. A specific mass of copolymer was weighed and 
dissolved in THF (5wt%), the mixture was then poured in a petri dish. After the 
evaporation of THF, a film was obtained (fig. 2.3.9.2-1). A piece of film was cut and 
put in a vial containing 1M NaOH or 1M H2SO4 aqueous. The film was taken out and 
weighed every day for 5 months. 
2) a specific mass of copolymer as sample was weighed and put in a vial containing 1M 
NaOH or 1M H2SO4 (fig. 2.3.9.2-1). Sample was taken to test via GPC and 1H NMR 
in order to observe the degradation process. 
 
Figure 2.3.9.2-1 a demonstration of solvent casted film (left) and test by copolymers (right) 
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2.3.9.3 Degradation test of copolymers produced via 
photopolymerization 
A piece of copolymer as sample was taken and put in a vial with 1M NaOH or 1M 
H2SO4. Sample was taken to test via GPC and 1H NMR to observe the degradation test. 
3. Result and discussion 
3.1 Synthesis of HE(M)A-p(LA)n-OH (n=10, 20) and 
characterization 
In this section, a linear structure of ester moieties with an end-group carbon-carbon 
double bond and an end-group hydroxyl was aimed to obtain. End-group double bond 
can be used to FRP, while end-group hydroxyl can be used to next ring opening reaction. 
The terminal hydroxyl group of HEMA or HEA can initiate the ROP of lactide (LA) as 
a nucleophilic initiator with DBU as catalyst. DBU can activate the free hydroxyl group 
to initiate the nucleophilic reaction. 
 
 












Figure 3.1-1 The FT-IR spectrum of HEMA-p(LA)n-OH (n=10, 20) 
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Figure 3.1-2 The FT-IR spectrum of HEA-p(LA)n-OH (n=10, 20) 
 
From Figure 3.1-1 and 3.1-2, O-H stretching was observed at 3490 cm-1; C=O 
stretching was at 1760 cm-1; C=C stretching was at 1650 cm-1; C-O stretching was at 
1275-1200 cm-1. They were the main group of HE(M)A-p(LA)n-OH. 
 
Figure 3.1-3 the 1H-NMR spectrum of HEMA-(LA)20-OH 
ROP of LA, HEMA as an initiator, DBU as an catalyst 
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In Figure 3.1-3, the end-group double bond were at around 6.12ppm and 5.60ppm, and 
the integration was 1:1; the repeating unit of poly(lactide) was at 5.23ppm; two 
methylene of HEMA and methyne of lactide  were at around 4.4ppm; hydroxyl end-
group was in spectra range of 2.78ppm, methyl of HEMA was in 1.98ppm; methyl of 
lactide were in 1.58ppm. 
 
Figure 3.1-4 the 1H-NMR spectrum of HEA-(LA)20-OH 
ROP of LA, HEA as an initiator, DBU as a catalyst 
In the Figure 3.1-4, end-group double bond was in 6.44ppm and 5.87ppm; α-H of vinyl 
was at 6.18ppm; the repeating unit of lactide was at 5.2ppm, two methylene of HEMA 
and methyne of lactide were at 4.4ppm, end-group hydroxyl was at 2,83ppm; methyl 
of lactide were at 1.58ppm. 
In summary, FT-IR spectrum shows the main groups of HE(M)-(LA)10/20-OH, such as 
vinyl, carbonyl, hydroxyl. Each hydrogen can be assigned via 1H NMR spectrum. The 
success of the reaction can be proven by the analysis of FT-IR and 1H NMR. 
The actual degree of polymerization (DP) can be calculated by 1H-NMR data. For 
example, for HEMA-p(LA)20-OH, vinyl group was at 6.44ppm and 5.87ppm, the area 
of 5.25-5.15ppm belong to the -CH- of the repeating unit of LA. First of all, the two 
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peaks of the terminal double bond were integrated separately and set them to 1 and 
ensured that they were in a 1:1 relationship. Then, the peak of repeating unit of LA was 
integrated. The integration of this area represents the number of hydrogens of the 
Methine group in LA. This value can represent the actual degree of polymerization 
[153]. 
 
Polymer name Theoretical DP Actual DP 
HEMA-P(LA)10-OH 10 10 
HEMA-P(LA)20-OH 20 19 
HEA-P(LA)10-OH 10 8 
HEA-P(LA)20-OH 20 19 
Table 3.1-1 theoretical DP and actual DP with HE(M)A-p(LA)n-OH (n=10, 20) 
 
Macromonomer Mn (1H-NMR) Mn (GPC) Ð 
HEMA-p(LA)10 1570 3800 1.33 
HEMA-p(LA)20 3010 4200 1.25 
HEA-p(LA)10 1556 3700 1.35 
HEA-p(LA)20 2996 4500 1.27 
Table 3.1-2 molecule weight from calculation of NMR and GPC 
 
From Table 3.1-1 and 3.1-2, the actual degree of polymerizations were very close to 
the theoretical ones, this showed that DBU is a good catalyst for ROP of LA. With 
DBU the degree of polymerisation could be controlled, as well as providing a high 
conversion after only 20min of reaction. Also, relatively low dispersion can be obtained 
(Ð<1.4). 
From the Table 3.1-2, there were different values between tested by GPC and calculated 
by NMR. it can be explained that the Mn tested via GPC was an average molecular 
weight based on calibrant polymer, while for NMR, the Mn was calculated by the 
integration of repeating unit based on the sample [154]. 
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3.2 Synthesis and characterization of HE(M)A-p(LA)n-
COOH (n=10, 20)  
As there is a terminal hydroxyl group in the dye structure, and esterification is a simple 
solution for attaching the terminal hydroxyl group. Therefore, in this section, the 
synthesis of HE(M)A-(LA)n-OH and succinic anhydride is a shrewd way to obtain end-
group carboxylic acids. Initially, the synthesis of HE(M)A-p(LA)n-OH and succinic 
anhydride failed. For example, based on the method mentioned in 3.1, if a product of a 
theoretical degree of polymerization of 20, (HEMA-p(LA)20-OH) was aimed to obtain, 
then its integration should be 40 via the 1H NMR spectrum. However, it showed that 
the integration was almost the double (78 units). It was likely due to the self-
polymerization initiated by the end-group double bond leaded to chain growth. In fact, 
here is a terminal carbon-carbon double bond in the HEMA and HEA, which is a typical 
π electronic system. This type of structure is easy to be oxidised or triggers a free radical 
reaction. 
Normally, there is a low concentration of hydroquinone in the HEMA or HEA to inhibit 
the activity of terminal double bond. However, it can be removed through precipitation. 


























Scheme 3.2-1 the synthesis of HE(M)A-p(LA)n-COOH (n=10, 20) in one-pot reaction 
 
According to scheme 3.2-1, HE(M)A, DBU and LA were added to a vial to synthesize 
HE(M)A-p(LA)n-OH, after the termination of reaction, succinic anhydride and 4-
DMAP were added (one-pot) to start the next reaction to obtain HE(M)A-p(LA)n-
COOH. The advantage of a one-pot reaction is that there is still a low concentration of 
hydroquinone in the reaction system which maintains stability.  
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Figure 3.2-1 the FT-IR spectrum of HEMA-p(LA)n-COOH (n=10, 20) 
 
Figure 3.2-2 1H NMR spectrum of HEMA-p(LA)10-COOH via one-pot reaction 
From Figure 3.2-1, FT-IR spectrum shows that C=O stretching was at 1760 cm-1; C=C 
stretching was at 1650 cm-1; C-O stretching was at 1275-1200 cm-1. They were the main 
group of HEMA-p(LA)n-COOH. 
From Figure 3.2-2, 1H NMR data shows that the end-group double bond was in 
6.14ppm and 5.52pm; the repeating unit of LA was at 5.20ppm; two methylenes of 
HEMA was at 4.40ppm; two methylenes of succinic anhydride was at 2.73ppm; methyl 
of HEMA was at 1.97ppm; two methyl of LA was at 1.58ppm. Besides, residual DBU 
also showed in 1H-NMR spectrum. 
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In summary, the main groups of the polymer can be confirmed via FT-IR spectrum, 
such as vinyl, carbonyl, hydroxyl. Each hydrogen can be assigned via 1H NMR 
spectrum. The success of the reaction can be proven by the analysis of FT-IR and 1H 
NMR. 
 
Figure 3.2-3 1H NMR spectrum of HEA-p(LA)10-COOH via one-pot reaction 
 
Figure 3.2-4 the FT-IR spectrum of HEA-p(LA)n-COOH (n=10, 20) 
In the Figure 3.2-3, FT-IR spectrum shows that C=O stretching was at 1760 cm-1; C=C 
stretching was at 1650 cm-1; C-O stretching was at 1275-1200 cm-1. They were the main 
group of HEA-p(LA)n-COOH. 
In the Figure 3.2-4, 1H NMR sprctrum shows that the double bond end-group was at 
around 6.48ppm and 5.87ppm; α-H of vinyl was at 6.15ppm; the repeating unit of LA 
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was at 5.20ppm; two methylenes of HEA were at 4.40ppm; two methylenes of succinic 
anhydride were at 2.69ppm; two methynes of LA were at 1.58ppm. 
In the 1H NMR of Figure 3.2-1 or 3.2.2, the peak at 2.73ppm represents the two 
methylenes of succinic anhydride. One is connected to the carbonyl group (-COCH2-) 
and one is connected to the carboxylic acid (-CH2-COOH). 
In summary, main the groups can be confirmed via FT-IR spectrum, such as vinyl, 
carbonyl, hydroxyl. Each hydrogen can be assigned via 1H NMR spectrum. The success 
of the reaction can be proved by the analysis of FT-IR and 1H NMR. 
 
Figure 3.2-5 1H NMR data of one-pot reaction for two products 
The first step of the one-pot reaction was the synthesis of HEMA-p(LA)n-OH, the 
second step was the synthesis of HEMA-p(LA)n-COOH, after the termination of the 
reaction, a sample was taken. The 1H NMR data (fig. 3.2-3) shows that the shape of the 
peaks of double bond were normal, the ratio of integration of the double bond was 1:1, 
and the degree of polymerization did not increase (seen via the integration of the repeat 
unit of LA), it means that the one-pot reaction was effective. 
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Figure 3.2-6 the comparison of FT-IR spectrum between HEMA-p(LA)10-OH and HEMA-
p(LA)10-COOH 
From the Figure 3.2-6, these two FT-IR data shows that were similar, because the 
structure of HEMA-p(LA)n-OH and HEMA-p(LA)n-COOH are similar. 
There is a carboxylic fingerprint area is at about 950 cm-1. 
Due to the similar structure, 1H NMR spectrum of HE(M)A-(LA)20-COOH were put 
in appendix section to be not analyse them further. 
3.3 Synthesis of Dispersed Red I or Dispersed Yellow and 
HE(M)A-p(LA)n-COO-Red (Yellow) 
 




Figure 3.3-1 FT-IR spectrum of HEMA-p(LA)n-COO-Red (n=10, 20) 
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Figure 3.3-2 FT-IR spectrum of HEA-p(LA)n-COO-Red (n=10, 20) 
From the Figures 3.3-1 and 3.3-2, N-H stretching was at 3300 cm-1; =C-H stretching of 
arene was in 3080-3010 cm-1; C=C of arene stretching was in 1600-1450 cm-1; N=N 
stretching was in 1410-1400 cm-1; C-H (arene) bending was in 880-860 cm-1, which 
were the main groups of red compound.  
 
 




Figure 3.3-3 FT-IR spectrum of HEMA-p(LA)n-COO-Yellow (n=10, 20) 
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Figure 3.3-4 FT-IR spectrum of HEA-p(LA)n-COO-Yellow (n=10, 20) 
From Figure 3.3-3 and 3.3-4, =C-H stretching of arene was in 3080-3010 cm-1; C=C of 
arene stretching was in 1600-1450 cm-1; N=N stretching was in 1410-1400 cm-1; C-H 
of arene bending was in 880-860 cm-1, which were the main groups of yellow 
compound. 
In the Figure 3.3-4, a peak at 3300 cm-1 can be supposed that N-H stretching due to 
combination of N and H2O to form N=N-H bond. 
 
Figure 3.3-5 the 1H-NMR spectrum of HEMA-p(LA)10-COO-Red 
Reaction of HEMA-p(LA)10-COOH and Dispersed Red 1, DCC and 4-DMAP as catalysts 
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In the Figure 3.3-5, two phenyl were in 8.85ppm, 7.93ppm, 6.83ppm; end-group double 
was in 6.13ppm and 5.61ppm; the repeating unit of LA was in 5.20ppm; two methylene 
of HEMA and two methylene of succinic anhydride were in 4.38ppm; two methylene 
of dispersion red I was in 3.68ppm; methyl of HEMA was in 1.98ppm; two methyl of 
LA was in 1.53ppm; methyl of dispersion red I was in 1.23ppm. 
 
Figure 3.3-6 the 1H-NMR spectrum of HEA-p(LA)10-COO-Red 
Reaction of HEA-p(LA)10-COOH of Dispersed Red 1, DCC and 4-DMAP as catalysts 
In the Figure 3.3-6, two phenyl were in 8.33ppm, 7,95ppm, 6.85ppm; end-group double 
bond was in 6.47ppm and 5.89ppm; α-H of vinyl was in 6.15ppm; the repeating unit of 
LA was in 5.18ppm; two methylene of HEA and two methylene of succinic anhydride 
were in 4.38ppm; two methylene of dispersion red I was in 3.68ppm; methyl of LA was 
in 1.52ppm; methyl of dispersion red I was in 1.21. 
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Figure 3.3-7 the 1H-NMR spectrum of HEMA-p(LA)10-COO-Yellow 
Reaction of HEMA-p(LA)10-COOH and Dispersed Yellow, DCC and 4-DMAP as catalysts 
In the Figure 3.3-7, two phenyl were in 7.96ppm, 7.7ppm, 7.01ppm, 6.88ppm; end-
group double bond was in 6.14ppm, 5.62ppm; the repeating unit of LA was at 5.18ppm; 
two methylene of HEMA was at 4.38ppm; two methylene of succinic anhydride was at 
3.49ppm; methyl of HEMA was at 2.0ppm; two methyl of LA was at 1.52ppm. 
The 1H NMR spectrum and FT-IR spectrum can prove that the esterification has 
sucessfully connected with the red or yellow compound and HE(M)A-(LA)10/20-COOH. 
Steglich esterification reaction is to use DCC as a coupling reagent and 4-DMAP as the 






































Figure 3.3-8 the mechanism of Steglich esterification reaction 
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Hydroquinone (trace amount) was added to maintain the stability of end-group double 
bond. DCU as a by-product can be created during reaction. It cannot be dissolved by 
most common solvents, but as the reaction time progresses, white solid can be seen to 
be precipitated. Syringe filter was used to filter DCU. Hexane and Et2O were used for 
precipitation, but traces of DCU can also be separated out. This may affect the analysis 
of the spectrum. 
According to all 1H NMR and FT-IR data, the products of red and yellow monomer can 
be confirmed. Also, after purification, color products can be reserved stably in hexane 
or Et2O without fading. 
Due to the similar structure, 1H NMR and FT-IR of HEMA-(LA)20-COO-Red were put 
in appendix section. 
3.3.1 Degradation of dye macromonomers 
A series of degradation tests were set up to observe the process of degradation of the 
dye monomers. It has been demonstrated that esters are cleavable in acidic and basic 
conditions, so 1M NaOH and H2SO4 were prepared. Red and yellow monomers were 
put in vials with aqueous solutions of 1M NaOH or H2SO4. Each vial was left at ambient 
temperature. When the color compound was cleaved, the color change of the solution 
can be observed. Samples were taken to test by GPC and 1H NMR. 
 
Figure 3.3.1-1 degradation test of HEMA-p(LA)20-COO-Red in 1M NaOH aqueous and deionized 
water. From left to right: deionized water (20h), 1M NaOH 20h, 24h, 40h, 48h, respectively. 
 
In the Figure 3.3.1-1, as time progresses, the color of the solution gradually deepened, 
which indicated that the red part was cleaved. 
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Figure 3.3.1-2 degradation test of HEMA-p(LA)20-COO-Red in 1M H2SO4 aqueous. on the left 
the sample which was put into an acidic solution (t=0), right was after 20h (t=20h). 
 
From Figure 3.3.1-2, after putting the sample into the vial, the aqueous medium 
immediately turned red. It shows that red monomer demonstrated a high sensitivity in 
acidic conditions or red monomer has certain solubility in acidic solutions. As time 
progresses, the color of the solution gradually deepened, but after 20h, the color change 
of the solution stopped, at least the naked eye could not distinguish the degree of color 
change. 
 
Base/acid Original Mn Mn of after degradation Mn of after degradation 
1M NaOH 4.8×103 t=48h, 6.97×102 t=96h, 6.4×102 
1M H2SO4 4.8×103 t=48h, 3.63×103 t=96h, 3.5×103 
Table 3.3.1-1 comparison of the change of Mn in base and acid aqueous 
 
Figure 3.3.1-3 comparison of 1H NMR of HEMA-p(LA)20-COO-Red 
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After 48h, in basic solutions, Mn decreases to a great extent (Table 3.3.1-1). From 
Figure 3.3.1-3, δ 5.2 (m, 1H, CH) which belongs to the repeat unit of LA, disappears in 
1M NaOH after 48h suggesting complete degradation. However, in 1M H2SO4 after 
48h, there was still the peak of the repeat unit of LA, but the integration was 33 instead 
of 40, hinting at a certain degree of degradation.  
 
Figure 3.3.1-4 comparison of red monomer in deionized water (left), 1M NaOH (middle), 1M 
H2SO4 (right) 
 
For the red monomer, the degradation process in basic conditions was faster than in 
acidic conditions. The red monomer demonstrated a high responsiveness in basic 
conditions, while the part of red group can be partially dissolved in acidic conditions as 
well (fig. 3.3.1-4). 
 
 
Figure 3.3.1-5 degradation test of HEMA-p(LA)20-COO-Yellow in deionized water and 1M 
NaOH. From left to right: deionized water (20h), 1M NaOH 2h, 4h, 20h, respectively 
 
From the Figure 3.3.1-5, the color was fading as the time went on, the color change of 




Figure 3.3.1-6 degradation test in 1M H2SO4 aqueous, on the left the sample is seen after 3h, on 
the right after 24h. 
 
From the Figure 3.3.1-6, the color change of aqueous was not obvious, it seems that 
yellow compound was not cleaved in the H2SO4 aqueous environment, the yellow 
monomer demonstrated a low sensitivity towards acidic conditions. 
 
Base/acid Original Mn Mn of after degradation Mn of after degradation 
1M NaOH 4.68×103 t=20h, 3.55×103 t=48h, 3.07×103 
1M H2SO4 4.68×103 t=20h, 3.77×103 t=48h, 3.62×103 
Table 3.3.1-2 comparison of the change of Mn in basic and acidic conditions 
 
 
Figure 3.3.1-7 comparison of 1H NMR of HEMA-p(LA)20-COO-Yellow in basic and acidic 
conditions after 48h 
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The Table 3.3.1-2 shows that the degradation process of the yellow monomer in basic 
conditions was faster than in acidic conditions. From the Figure 3.3.1-7, after 48h, the 
integration of repeat unit of LA in basic conditions was 31 instead of 37, so the degree 
of polymerization decreased by 6 units, while in acidic conditions, the integration was 
34, so the degree of polymerization decreased by 3 units. 
In summary, both the red and yellow macromonomers demonstrated high sensitivity in 
basic conditions. In the basic aqueous system, the yellow moiety cleaved faster than the 
red moiety, so the fading rate of yellow monomer was faster than red monomer but 
based on the analysis of 1H NMR and GCP, the degradation process of red monomer in 




























Figure 3.3.1-8 structure of yellow and red monomer 
From the Figure 3.3.1-8, there is an obvious difference of structure between red and 
yellow monomer that there is a nitro group (-NO2) in the red monomer. Normally, nitro 
groups can form hydrogen bonds with water molecules in aqueous solutions, enhancing 
the hydrophilic nature of the compound. In other words, the interaction between the red 
monomer and the water molecules is stronger, so the red monomer degrades more 















Figure 3.3.1-9 structure of yellow monomer 
 
From the Figure 3.3.1-9, there is a conjugated part in the yellow monomer, it means 
that this structure enhances the stability of the carbocation on the carbonyl group, so it 
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is easier to initiate a nucleophilic reaction. However, due to the lone pair of the oxygen 
atom on the carbonyl group participates in the conjugation, its ability to bind to 
hydrogen ions is weakened, so the fading rate of yellow monomer in acidic aqueous is 
slower than red monomer. 
In Summary, the red monomer demonstrated a higher sensitivity towards acidic 
aqueous solutions than the yellow monomer. The degradation process of the red and 
yellow monomers in basic aqueous solutions was faster than in acid conditions. Both 
the red and yellow monomers have been obtained successfully, and the degradation 
process was promising under acidic and basic conditions. Besides, different sensitivity 
of the red and yellow monomers in basic or acidic condition is an inspiration that 
according to different situations, they can be applied in specific circumstances 
respectively. For example, if a faster degradation process was expected in basic 
condition, both red and yellow monomer can be used, but red monomer was a better 
choice. however, if a faster degradation process was expected in acidic condition, red 
monomer was a primary choice. 
3.4 FRP copolymerization of dye monomer and MMA 
PMMA has been shown to be a suitable material to be used as an “ink” for SLS printing 
[156]. In this part of my project, we focused on the functionalization of PMMA by 
copolymerizing our colored monomers with MMA.  
Free radical polymerizations, which are thermally initiated were adopted as the model 
method of polymerization of MMA and our functionalized monomers. AIBN was 
selected as a thermal initiator. 
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Figure 3.4-1 1H-NMR spectrum of poly-(MMA-co-HEMA-p(LA)10-COO-Red)  
 
After FRP polymerization and precipitation in methanol, the presence of some residual 
unreacted monomer can be observed in the 1H-NMR spectrum (fig.3.4-1). δ 6.12 (s, 
1H) and 5.61 (s, 1H) belong to the double bond of MMA, 3.7 (s, 3H) belongs to the 
methoxy (-OCH3) of MMA. δ 1.13 (s, 3H, CH3), 0.88 (s, 3H, CH3) belong to the methyl 
of PHEMA and PMMA after polymerization respectively. Conversion can be 




Figure 3.4-2 1H NMR spectrum of poly(MMA-co-HEMA-(LA)20-COO-Red) for before 
purification. 
From the Figure 3.4-2, δ 3.88ppm (blue) can be assigned to the -OCH3 of MMA, the 
integration of 3.88ppm was set to 3, it can represent the total amount of monomer of 
MMA before polymerization. δ 3.76ppm (red) can be assigned to the -OCH3 of PMMA, 
the integration of 3.76ppm can represent the amount of copolymer after polymerization. 
Therefore, based on this method, the conversion of the polymerization is  32%. 
1.43
3 + 1.43 =
 












conversiion (%) during reaction time
Figure 3.4-3 Kinetics of the synthesis of a copolymer of HEMA-p(LA)20-COO-Red (10%) and 
MMA (90%) The calculation method is the same as mentioned above 
The conversion of this polymerization is low. From the Figure 3.4-3, the initial 
conversion rate has grown fast, however, as the polymerization progressed, the 
conversion gradually decreased. Hypothetically, HEMA-p(LA)20-COO-Red is a long 
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side chain, so during the reaction time, as the main chain increases, the density of side 
chain of copolymer was increasing, the side chain began to entangle, and as the main 
chain grew, the entanglement phenomenon increased. Besides, there was also an 
entanglement between side chain and monomer. The entanglement between the side 
chains can reduce the penetration of the solvent, thereby reducing the solubility of the 
solvent to the copolymer, and further causing the reaction to be hindered. This situation 
inhibited the progress of polymerization. 
 
 














Figure 3.4-4 comparison of conversion of two polymerizations with different monomers. A is a 
polymerization of HEMA-p(LA)20-COO-Red as a monomer. B is a polymerization of HEMA-
p(LA)10-COO-Red as a monomer. 
 
From figure 3.4-4, the conversion of HEMA-p(LA)10-COO-Red as a co-monomer was 
higher than conversion of HEMA-p(LA)20-COO-Red as a co-monomer. For HEMA-
p(LA)10-COO-Red, the repeating unit of LA is 10, so the length of side chain of B is 
shorter than A (fig. 3.4-4), therefore, the side chain has a lower degree of entanglement. 
Also, methanol was used as an antisolvent in the precipitation step, while the dye 
monomer can be dissolved in methanol, so normally, copolymer and monomer can be 
separated out via washes with methanol. However, after purification, a signification 
amount of dye monomer remained in the product. It demonstrates that even though 
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methanol has washed away most of the monomers, some monomers were still wrapped 
and precipitated by the product, so the conversion of dye monomer is low. 
To increase the conversion of polymerization, a diluted system was used, the weight 
percentage of toluene and total amount of monomer was changed to 70% and 30%, the 
weight percentage of AIBN used in the polymerizations was 1% of the HEMA-p(LA)20-
COO-Red (Yellow) monomer. The dilution system alleviated the entanglement of the 
side chain. 
Glass transition temperature (Tg) is an indispensable parameter for SLS. The Tg of 
PMMA is about 100oC [157].  
Tg was measured by DSC, excessive high Tg (>200oC) means that higher laser energy 
is needed to melt it, resulting in a waste of laser energy, excessive low Tg (<80oC) 
means that it takes longer to cool down after printing.  
 
Sample Tg (oC) 
MMA (90%), red (10%) 106 
MMA (85%), red (15%) 104 
MMA (80%), red (20%) 102 
MMA (90%), yellow (10%) 105 
MMA (85%), yellow (15%) 103 
MMA (80%), yellow (20%) 100 
Table 3.4-1 Tg’s of copolymers 
 
Based on the DSC data (Table 3.4-1), the Tg of copolymer and Tg of PMMA were 
close, it means that these kinds of copolymers may be suitable for SLS. 
Tg usually is affected by many factors, such as the properties of co-monomers, the 
properties of polymers and the length of side chain [158]. From the Table 3.4-1, as the 
ratio of color monomers in the copolymer increased, the Tg of the copolymer decreased.  
It has been reported that for the copolymer of MMA and HEMA (poly-[MMA-co-
HEMA]), Tg was decreased as the amount of HEMA in the co-polymer was increased 
[159]. Also, side chain length and density can also impact Tg.  
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A series of copolymers of MMA and red or yellow monomer have been obtained, due 
to the similar structure, we did not analyze their 1H NMR and FT-IR further, data was 
put in the appendix section. 
3.4.1 Degradation test of copolymer of MMA and dye monomer 
 
Figure 3.4.1-1 degradation test in 1M NaOH after 1 month (left) and 3 months (right) 
Figure 3.4.1-1 demonstrated the result of degradation test after 1 and 3 months. The left 
figure shows that there was no change of colour in the aqueous media. The surface of 
the film also showed no signs of fading after 1 month. Similarly, the figures on the right 
shows that there was no change in colour in any of the aqueous media even though after 
3 months. 
After casting into film, the surface size of the film becomes smaller, so the exchange 
rate between hydroxyl groups and the film was too low for the degradation process to 
occur, since the aqueous phase could not permeate into the film. Therefore, the 
degradation process of film should take an extremely long time to happen. 
According to the previous research result, films are not a suitable material to be used 
for performing degradation tests, so the original copolymer was directly used to carry 
out a model degradation test. 
 
Figure 3.4.1-2 degradation test in 1M NaOH after 3 months 
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Figure 3.4.1-2 was taken 3 months after setting up the degradation test. From this figure, 
there was a little bit of change of colour for yellow copolymer, but there was no change 
of colour for red copolymer. 
 
 


















Figure 3.4.1-4 analysis of loss of weight of red copolymer (film) 
 
Based on the figure 3.4.1-4, the original weight of red copolymer film was 58.9mg, the 
weight of film was weighed each month. After 5 months, the film was 50.8mg, 
degradation ratio was 13.8%.  
 


















Figure 3.4.1-5 analysis of loss of weight of yellow copolymer (film) 
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Based on Figure 3.4.1-5, the original weight of yellow copolymer film was 58.9mg, the 
weight of film was weighed each month. After 5 months, the film was 53.8mg, 
degradation ratio was 8.7%.  
Even though there was no obvious change in colour of the solution that can be observed, 
according to the loss of weight, a slow degradation process was taking place. 
 
material Original Mn Mn of after 3 months Degradation rate 
Red copolymer 1.07×105 7.73×104 27.75% 
Yellow copolymer 6.55×104 5.87×104 10.38% 
Table 3.4.1-1 comparison of the change of Mn with red and yellow copolymer 
 
From Table 3.4.1-1, even though the change of colour in the solution was not obvious, 
the Mn of red and yellow copolymer decreased a little. The degradation rate of the red 
copolymer was faster than yellow copolymer in basic conditions. 
It supposes that a polymer obtained by copolymerization of two hydrophobic 
monomers, the side chain cannot stretch in the aqueous solution, and the surface pore 
diameter of the copolymer is small, so the aqueous solution cannot penetrate it. These 
factors limit the exchange capacity between hydroxide and hydrogen and the 
degradable moiety. In addition, it is possible that the degraded portions were poorly 
soluble in the aqueous media with little or no visual effect on the final solution colour.  
3.5 FRP copolymerization of TEGMA and red monomer 
TEGMA is a hydrophilic molecule with several appealing properties, such as self-
assembling in water or alcohol solution, biocompatibility, etc. TEGMA has been used 
as co-monomer to produce different materials for inkjet printing [160]. Based on this, 
in this part of the project, a copolymer of TEGMA (wt% 90%) and HEMA-p(LA)20-
COO-Red (wt% 10%) was synthesized to obtain a kind of coloured copolymer with 




Figure 3.5-1 1H NMR spectrum of poly(TEGMA-co-HEMA-p(LA)20-COO-Red) 
 
In the Figure 3.5-1, the composition of TEGMA and red monomer can be calculated by 
the integration of their α-methyl, as these peaks will only appear after polymerization. 
Based on this, the composition of TEGMA was , the composition of 
1.86
1.86 + 0.84 = 69%
red monomer was  (table 3.5-1). 
0.84
1.86 + 0.84 = 0.31%
Theoretical composition Actual composition Mn (GPC) Ð 
TEGMA (90%), red 
monomer (10%) 
TEGMA (69%), red 
monomer (31%) 
4.8×104 1.45 
Table 3.5-1 analysis of composition (calculated by 1H NMR) and Mn (GPC) 
 
Form the Figure 3.5-1, end-group double bond can be observed, it means that some 
monomer remained in the product. The copolymer can be dissolved in methanol, so 
hexane was used for purification via precipitation. However, the dye monomer did not 
show high solubility in hexane. Therefore, copolymer and unreacted monomer can be 
precipitated at the same time. 




Figure 3.5-2 1H NMR spectrum before purification 
 
From the Figure 3.5-2, δ 3.4ppm (blue) belongs to the peak of end-group methoxy of 
TEGMA monomer, 3.5ppm (red) belongs to same group after polymerization. The 
integration at 3.4ppm was set to 3, which can represent the total amount of monomer, 
then, the amount of polymer produced can be represented via the integration of 3.5ppm. 
Based on this, the conversion of polymerization was  18%. 
0.69



















conversion during different reaction time
Figure 3.5-3 conversion of TEGMA during different time 
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In Figure 3.5-3, as the reaction progresses, the conversion was getting lower and lower. 
With the increase of the chain length, the degree of entanglement of the side chains may 
be enhanced, this situation can inhibit the increase of Mn. Due to the molecular weight 
and copolymer composition were affected by the growth of the main chain, the actual 
copolymer composition and the theoretical one was greatly different (tab. 3.5-1), which 
has a negative impact on the tailored preparation of the copolymer [161]. 
3.5.1 Degradation test of the copolymer of TEGMA and dye 
macromonomer 
 
Figure 3.5.1-1 degradation test of copolymer of TEGMA and red monomer. From left to right was 
in deionized water, 1M H2SO4, 1M NaOH 
 
Figure 3.5.1-1 was taken 24h after the degradation test was set up. Due to TEGMA 
hydrophilicity, these copolymers can be dissolved in a little amount of water (this can 
be observed via the color change of water). In a 1M H2SO4 solution, the sample can be 
dissolved completely. Hydrogen bond between the hydrophilic moiety TEGMA and the 
hydrogen in the acidic conditions can be formed, and there was also a hydrogen bond 
between the end-group nitro of red monomer and the hydrogen. This can increase the 
solubility of the copolymer in acidic aqueous environments. Therefore, in acidic 
conditions, the copolymer dissolves really fast (fig 3.5.1-1). The final copolymer can 
also dissolve in basic conditions, but the color of aqueous looked like yellow. So, the 
copolymer can be dissolved in basic and acidic conditions. 
The use of non-toxic and volatile solvents is one of the research topics of inkjet printing, 
such as the use of water as a solvent [162,163]. As mentioned above, the copolymer of 
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TEGMA and red monomer can be dissolved in ethanol and water. It means that the use 
of a hydrophilic structure as a co-monomer provides an idea for preparing stimuli-
responsiveness that can use non-toxic solvents. 
3.6 Photopolymerization of HEMA (or TEGMA, PEGMA) 
and HEA-p(LA)20-COO-Red (or Yellow) 
To synthesize some colored amphiphilic materials with pH-responsiveness for digital 
light processing, photopolymerization of HEMA (or TEGMA and PEGMA and HEA-
p(LA)20-COO-Red) were undertaken in order to mimic the curing conditions after ink 
dispensing.  
Modifications to HEA, HEMA, TEGMA and PEGMA which are then applied to DLP 
have been reported [164,165,166]. Compared to HEMA, there is no α methyl in HEA, 
which makes this molecule more suitable for photopolymerization. 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) was used as a photo initiator. DMAP has a maximum 
absorption wavelength of 337 nm and is suitable for the polymerization of unsaturated 
polyesters and acrylates with high photo initiating activity [167]. 
A series of photopolymerizations were set up in a well plate (fig. 3.6-1). Some 
advantages of using well plates were that: 1) a series of reactions can be set up at the 
same time; 2) well plate was easily to put in the photo reactor; 3) all reactions can be 
performed under the same exact conditions. The red or yellow monomer and DMAP 
were dissolved in pure HEMA (or TEGMA, PEGMA) without the addition of any 
solvents. When HEMA and TEGMA were used as co-monomer, the products were hard 
gel-like materials, while if PEGMA was as a co-monomer, the product was a soft gel-
like material. 
 
Figure 3.6-1 an illustration of photopolymerization 
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Copolymers of PEGMA as a monomer can be dissolved in THF but cannot dissolved 
in acetone or CHCl3. However, copolymers of TEGMA and HEMA used as monomers 
cannot be dissolved in any kind of organic solvent. Due to the photopolymerization 
taking place in the bulk phase, the molecular weight is high, and the side chain of 
copolymer is long, this can inhibit solvent permeation into the copolymer if there is an 
entanglement of side chain. It means that all copolymers cannot be tested by 1H NMR 
and GPC. 
 

















Figure 3.6-2 FT-IR spectrum of poly[HEMA-co-HEA-p(LA)20-COO-Red (and yellow)] 
Some specific groups can be observed in the Figure 3.6-2: O-H stretching was at 3500 
cm-1; C-H (alkane) stretching was at 3000 cm-1; C=O stretching was at 1750 cm-1; C=C 
(arene) stretching was at 1600-1400 cm-1; N=N stretching was at 1410-1400 cm-1; C-O 
stretching was at 1250-1200 cm-1; C-H (arene) bending was at 880-680 cm-1. 
From the Figure 3.6-2, it shows that there was no peak for C-H stretching and C=C 
stretching of the alkene. It means that the two monomers have converted to polymer 
completely, so polymerization via photo-initiated in this section is an efficient method. 
Sample Mn (GPC) Ð 
Poly(PEGMA-co-HEA-p(LA)20-COO-Red) 1.13×105 2.54 
Poly(PEGMA-co-HEA-p(LA)20-COO-Yellow) 1.87×105 2.87 
Table 3.6-1 analysis of Mn 
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A specific amount of copolymer was taken and put in a vial with THF. The vial was 
shaken for 48h. The solvent was collected and filtered to perform GPC tests. However, 
only a small Mn part can be dissolved in THF, the rest can absorb THF and swell. 
Most copolymers cannot be dissolved in THF. From the Table 3.6-1, the Mn of two 
copolymer were large, and the dispersion of them were wide. 
 
Sample Mn Ð 
poly[TEGMA-co-HEA-p(LA)10-COO-Red] (25%) 2.01×104 4.4 
poly[TEGMA-co-HEA-p(LA)10-COO-Red] (50%) 1.74×104 5.3 
poly[TEGMA-co-HEA-p(LA)10-COO-Yellow] (25%) 2.15×104 5.85 
poly[TEGMA-co-HEA-p(LA)10-COO-Yellow] (50%) 3.64×104 3.74 
Table 3.6-2 analysis of Mn 
 
From the Table 3.6-2, Mn of copolymer of TEGMA as co-monomer were smaller than 
the copolymer of HEMA as co-monomer. It may be explained that TEGMA as a side 
chain was longer than HEMA, and entanglement of the side chain can affect the 
increase of Mn. 
Based on the analysis of FT-IR, GPC and the appearance of these copolymers, DLP of 
hydrophilic monomers and hydrophobic monomers may be a promising way to prepare 
gel-like materials. However, due to the molecular weight of all copolymers were too 
large and the dispersion were too wide, their solubility in organic solvents were very 
poor, which will limit their application in inkjet printing. The control of Mn and 
dispersion will be an essential work in the future. 
Due to the similar structure of these three copolymers, their FT-IR spectra were similar 
too. Therefore, we did not analyze the FT-IR spectrum of poly[TEGMA-co-HEA-
(LA)10-COO-Red (and Yellow)] and poly[PEGMA-co-HEA-(LA)10-COO-Red (and 
Yellow)] further, and put them in the appendix section. 
3.6.1 Degradation test of photo polymers 
To prove that these set of copolymers can undergo degradation, a piece of each material 
was taken and added in a vial containing 1M NaOH or 1M H2SO4. 
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Figure 3.6.1-1 degradation test of poly[TEGMA-co-HEA-p(LA)10-COO-Red (or Yellow)]. Left 
photo is 50% (wt%) in 1M NaOH (left) and 1M H2SO4 (right); right photo is 25% (wt%) 1M NaOH 
(left) and 1M H2SO4 (right) 
 
Figure 3.6.1-1 was taken 24h after the degradation test was set up. From this figure, the 
color of the acidic solution was much darker than that of the basic solution. Due to the 
hydrogen bonding between the hydrophilic side chain (TEGMA) and the hydrogen, it 
has high sensitivity in acidic solutions. 
   
Figure 3.6.1-2 degradation of poly[TEGMA-co-HEA-p(LA)10-COO-Red]. Left photo is 25% (wt%) 
in 1M NaOH (left) and 1M H2SO4 (right); right photo is 50% (wt%) 1M NaOH (left) and 1M H2SO4 
(right) 
 
Figure 3.6.1-2 was taken after 48h since degradation test was set up, there was not a big 
difference between Figure 3.6.1-1 and Figure 3.6.1-2. It means that both degradation 
and dissolution of this copolymer in acidic conditions have reached saturation. 
Poly[TEGMA-co-HEA-p(LA)10-COO-Red] was highly sensitivite towards acidic 
conditions, and it can also respond to basic conditions. After 24 hours, the degradation 
process was close to saturation. 
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Figure 3.6.1-3 degradation of poly[TEGMA-co-HEA-p(LA)10-COO-Yellow]. Left photo is 25% 
(wt%) in 1M H2SO4 (left) and 1M NaOH (right); right photo is 50% (wt%) 1M H2SO4 (left) and 
1M NaOH (right) 
 
Figure 3.6.1-3 was taken 24h after the degradation test was set up. From this figure, the 
colour of NaOH aqueous has been changed to yellow, while it is not a obvious change 
in a H2SO4solution. This means that the degradation process of the yellow copolymer 
was faster in basic conditions than in acidic conditions. 
 
 
Figure 3.6.1-4 degradation test of poly[TEGMA-co-HEA-p(LA)10-COO-Yellow] after 48h 
 
Figure 3.6.1-4 was taken after 48h after degradation test was set up. There was not big 
difference between 24h and 48h. 
In summary, judging by the color change of the solution, the degradation rate of yellow 
polymer in basic conditions was faster than that in acidic conditions, or in other words, 
it has higher sensitivity towards basic conditions. Also, based on the degree of color 
change of the solutions, after 24 hours, the degradation process was close to saturation. 
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Figure 3.6.1-5 degradation test of poly[HEMA-co-HEA-p(LA)10-COO-Red (and Yellow)] in 1M 
H2SO4 (left) and 1M NaOH (right) Right photo from left to right was poly[HEMA-co-HEA-
p(LA)10-COO-Red] in deinionized water, 1M H2SO4, 1M NaOH. Left photo from left to right was 
poly[HEMA-co-HEA-p(LA)10-COO-Yellow] in deionized water, 1M NaOH, 1M H2SO4. 
 
Figure 3.6.1-5 was taken 24h after the degradation test was set up. From this figure, the 
red material shows remarkable color change in acidic conditions, while the yellow 
material has the largest color change in basic conditions. 
In summary, similar to the results previously mentioned, the hydrogen bond formed by 
the hydrophilic side chain and hydrogen promoted the solubility of the polymer in 
acidic conditions, and at the same time promoted the penetration of the solution into 
the polymer, thereby speeding up the exchange rate of the degraded moiety and the 
hydrogen. Based on the color change of the aqueous, the degradation rate of the yellow 
polymer in basic colutions was faster than that in acid solutions. Secondly, since its 
color in aqueous and acidic aqueous solutions was similar, it seems that it was more 
stable in acidic aqueous solutions. 
In this section, the red and yellow copolymers were tested for degradation in basic and 
acidic aqueous solutions, respectively, and the results were basically the same. Due to 
the hydrogen bond between the hydrogen and hydrophilic side chain, the  red polymers 
had solubility in acidic conditions, and the degradation rate was faster than in basic 
conditions. For the yellow copolymers, the degradation rates were faster in basic 
aqueous solutions than in acidic aqueous solutions via the judging of color change of 
the solutions. it shows that red copolymers were highly sensitive towards acidic 
aqueous solutions, but also can respond in basic aqueous. However, the yellow 
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copolymers can respond to basic conditions aqueous, but have low responsiveness 
towardsacidic conditions.  
Based on these results, these gel-like materials can be applied in different conditions 
with specific pH value, so the rate of fading can be observed. For example, if a faster 
degradation process is expected under acidic circumstance, red material will be used, 
otherwise, yellow materials will be used. However, if a degradation process is expected 
to be faster under basic circumstance, yellow material is a primary choice. Alos, it 
provides the idea that photopolymerization with hydrophilic structures as a co-
monomer obtain gel-like materials with stimuli-responsiveness for DLP.
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4. Conclusion 
In this project, a series of new chemicals have been obtained. 1) synthesis of colored 
monomers with pH-responsiveness. The ring-opening reaction started with HEMA (or 
HEA) and LA as the starting reactants and ended with the esterification reaction, a 
series of red or yellow monomers have been obtained. 1H NMR and FT-IR data 
confirmed the structures. Degradation processes showed that red monomer was highly 
sensitive towards basic conditions and responded to acidic conditions as well. However, 
the yellow monomer was sensitive towards basic conditions but had a lower sensitivity 
towards acidic conditions than the red monomer.; 2) synthesis of colored copolymers 
of MMA as a co-monomer with pH-responsiveness. Different copolymers were 
obtained, and DSC data shows that they were suitable for SLS. However, the 
degradation process was slow; 3) synthesis of copolymer of HEMA (or TEGMA, 
PEGMA) as a co-monomer with pH-responsiveness via photopolymerization. Gel-like 
materials were suitable for inkjet printing and DLP. Degradation processes showed that 
all red materials were highly sensitive to acidic conditions and responded well to basic 
conditions as well. All yellow materials were highly sensitive to basic conditions but 
had low sensitivity towards acidic conditions.  
All in all, all copolymers were promising materials for SLS or inkjet printing. They not 
only solve the problem of the single color of printing materials, but also provide ideas 
for preparing stimuli-responsive materials. If a faster rate of degradation process will 
be expected, gel-like material for inkjet printing is a prefer choice, while if a slower 
rate of degradation process will be expected, hard materials for SLS should be 
considered. Besides, stimuli-responsive material with a cleavable moiety of color as 
indicator to make the degradation process to be more convenient to be observed. 
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5. Future work 
Even though many kinds of novel materials for 3D printing have been obtained, due to 
time constraints, 3D printing tests could not be arranged. Therefore, the future work is 
that 1) SLS of colored copolymer of MMA as a co-monomer and degradation test of 
printed objects; 2) inkjet print and DLP of gel-like copolymer and degradation test of 
printed objects. 3) exploration of potential application of novel degradable materials. 
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6. Appendix  
In this section, some figures were demonstrated. Due to some structures were similar, 
so the 1H NMR or FT-IR spectrum were also similar, which did not be expected to 
analyze further. 
6.1 1H NMR spectrum of HEMA-p(LA)n-OH and HEA-
p(LA)n-OH (n=10,20)   
 
Figure 6.1-1 1H NMR spectrum of HEMA-p(LA)n-OH and HEA-p(LA)n-OH (n=10,20) 
All 1H NMR spectrum of structures that had been obtained. 
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6.2 1H NMR spectrum of HEMA-p(LA)20-COOH and HEA-
p(LA)20-COOH via one-pot reaction 
 
Figure 6.2-1 1H NMR spectrum of HEMA-(LA)20-COOH 
 
Figure 6.2-2 1H NMR spectrum of HEA-(LA)20-COOH 
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Figure 6.2-1 1H-NMR spectrum of HEMA-p(LA)n-COOH and HEA-p(LA)n-COOH (n=10, 20) 
via one-pot reaction 
All 1H NMR spectrum of structures that had been obtained. 
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6.3 1H-NMR spectrum of HEMA-p(LA)20-COO-Red (or 
Yellow)  
 
Figure 6.3-1 1H-NMR spectrum of HEMA-p(LA)20-COO-Red 
 
 
Figure 6.3-21H-NMR spectrum of HEA-p(LA)20-COO-Red 
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Figure 6.3-3 1H-NMR spectrum of and HEMA-p(LA)20-COO-Yellow 
6.4 1H NMR spectrum of all copolymers of MMA and dye 
monomer 
 
Figure 6.4-1 1H NMR spectrum of all copolymers of MMA and dye monomer 
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Table 3.4-1 analysis of all copolymers 
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6.5 FT-IR spectrum of copolymer via photopolymerization 
6.5.1 poly[PEGMA-co-HEA-(LA)10-COO-Red (and Yellow)] 
 



















Figure 6.5.1-1 FT-IR spectrum of poly[PEGMA-co-HEA-(LA)10-COO-Red (and Yellow)] 
some specific group can be observed in the Figure 6.5.1-1: O-H stretching was at 3520 
cm-1; C-H (alkane) stretching was at 2980 cm-1; C=O stretching was at 1750 cm-1; C=C 
(alkene) stretching was at 1680 cm-1; C=C (arene) stretching was at 1600-1400 cm-1; 
N=N stretching was at 1420 cm-1; C-O stretching was at 1250-1200 cm-1; C-H (arene) 
bending was at 880-680 cm-1. 
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6.5.2 poly[TEGMA-co-HEA-(LA)10-COO-Red (and Yellow)] 
 




Figure 6.5.2-1 FT-IR spectrum of poly[TEGMA-co-HEA-(LA)10-COO-Red (and Yellow)] 
(TEGMA wt% 50%) 
 



















Figure 6.5.2-2 FT-IR spectrum of poly[TEGMA-co-HEA-(LA)10-COO-Red (and Yellow)] 
(TEGMA wt% 25%) 
Some specific group can be observed in the figure 3.6-3 and 3.6-4: O-H stretching was 
at 3520 cm-1; C-H (alkane) stretching was at 2980 cm-1; C=O stretching was at 1750 
cm-1; C=C (alkene) stretching was at 1680 cm-1; C=C (arene) stretching was at 1600-
1400 cm-1; N=N stretching was at 1420 cm-1; C-O stretching was at 1250-1200 cm-1; 
C-H (arene) bending was at 880-680 cm-1. 
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